A number of those mRNAs which increase in abundance during the ripening of tomato fruit have been cloned as cDNAs (1, 2) , including the mRNA for polygalacturonase [PG; poly(1,4-a-D-galacturonide) glycanhydrolase, EC 3.2.1.15] (3) (4) (5) . PG is involved in cell wall degradation and is the most extensively studied enzyme involved in ripening (6, 7) . Characterizations of PG cDNAs have indicated that the polypeptide has a molecular weight of S51,000, including a 71-amino acid N-terminal sequence which may be involved in export of PG to the cell wall (3, 5) .
Ripening results in major changes in tomato fruit, including color development and a softening in texture (8) . Color development is due to the accumulation of carotenoids, primarily the red pigment lycopene (9) . PG mRNA (4, 10) and protein (11, 12) accumulate rapidly after the onset of ripening and extensive studies have demonstrated a major role for the enzyme in softening (13) (14) (15) . In addition, the possibility that PG regulates other aspects of fruit ripening has been suggested (16) . Slow and nonripening mutants of tomato have been described whose pleiotropic effects on ripening include a reduced synthesis of lycopene (8) . These mutants are also deficient in the synthesis of PG mRNA (10) and protein (15) .
The use of antisense RNA to specifically inhibit PG gene expression provides an alternative to genetic analysis for investigating the function of PG during fruit ripening. Antisense RNA has been shown to regulate gene expression in bacteria (17) , Dictyostelium (18) , Drosophila (19) , Xenopus oocytes (20) , and mammalian cells (21, 22) . Antisense RNA has been used in plants to inhibit transient expression in electroporated protoplasts (23) and to reduce the expression of an Agrobacterium gene in transformed plants (24) . The constitutive expression of an antisense chalcone synthase gene has been shown to alter flower pigmentation in transgenic petunia and tobacco (25) . Here, antisense RNA is used to inhibit gene expression during fruit development. The construction, introduction into tomato plants, and subsequent transcription of a PG antisense gene is described. The expression of the PG antisense construct resulted in a substantial reduction in the levels of PG mRNA and enzymatic activity during fruit ripening. Lycopene accumulation was not prevented in fruit with reduced PG activity so that color development characteristic of red ripe fruit occurred.
MATERIALS AND METHODS
PG Antisense Binary Plasmid Construction. The structure of binary plasmid pCGN1416 is shown in Fig. 1 . The multiple cloning site of pUC-13 cm (26) was replaced with a synthetic polylinker containing sites for the restriction enzymes EcoRI, Sal I, Bgl II, Pst I, Xho I, BamHI, and HindIll to produce pCGN786. pCGN783 (27) was digested with HindIll and BamHI to produce a fragment containing the cauliflower mosaic virus 35S promoter, the TnS neomycin phosphotransferase gene, and the transcript 7 3' termination region. This fragment was ligated to HindlI-and Bgl II-digested pCGN786. The resulting plasmid was digested with Sma I to remove the neomycin phosphotransferase gene and then ligated to create pCGN1410. PG gene sequences were derived from full-length cDNA clone F1 (3). A 1.6-kilobase (kb) EcoRI fragment containing the entire PG open reading frame was made blunt by using the large fragment of DNA polymerase I and inserted in the reverse orientation into the Sma I site of pCGN1410 creating pCGN1414. pCGN1416 resulted from digestion of pCGN1414 with Sal I and insertion of pCGN1414 into the Sal I site of an Agrobacterium binary vector, pCGN1206. pCGN1206 was derived from the binary vector plasmid pCGNS94 (27) (3) except that polysaccharides were removed by batch adsorption to cellulose (Sigmacell 50, Sigma) in 20 mM Tris'HCl, pH 7.5/0.5 M NaCI/1 mM EDTA/0.1% NaDodSO4.
RNA Hybridizations. RNA gel blotting and the synthesis of 32P-labeled probes was performed as described (3) with the addition of poly(A)+ RNA at 10 ug/ml (Boehringer Mannheim), polyanetholesulfonic acid at 500 ,ug/ml, and yeast tRNA at 200 ,g/ml to the hybridization buffer. RNA synthesized by isolated nuclei was hybridized to filters bearing unlabeled RNA synthesized from Bluescribe vectors (Stratagene Cloning Systems, San Diego, CA) as described by the vendor.
Polygalacturonase Activity. Fruit pericarp tissue was homogenized with a Brinkmann Polytron in 3 vol of 1.3 M NaCl/0.05 M sodium phosphate, pH 6.0/40 mM 2-mercaptoethanol. The supernatant was recovered after centrifugation (11,000 x g, 30 min) and assayed for PG activity as described (6) .
Lycopene Determination. A 1-g aliquot of the pellets resulting from the centrifugation step described above was extracted overnight at -20°C with 20 ml of acetone/hexane, 4:5 (vol/vol). The lycopene content was determined as the absorbance at 504 nm. RESULTS PG Antisense RNA in Transformed Plants. pCGN1416 contains the full-length PG cDNA clone F1 (3) placed adjacent to the cauliflower mosaic virus 35S promoter for expression in the antisense orientation ( Fig. 1 ). Thus, pCGN1416 should be capable of high-level, constitutive expression of an antisense RNA of -1.8 kb, if the sequence which conforms to a consensus polyadenylylation site at base positions 141 to 136 of PG cDNA F1 (3) is utilized, or 2.1 kb, if the polyadenylylation signal in the 3' region of transcript 7 is recognized. Ten independent pCGN1416-transformed plants, selected as positive for neomycin phosphotransferase activity, were screened for expression of the PG antisense construct. RNA gel blot hybridization was performed on total RNA isolated from immature green fruit. PG mRNA is absent at that stage of fruit development (3). Transcripts of 1.8 and 2.1 kb were observed in addition to a 3.6-kb RNA in 9 of the 10 transformants analyzed (Fig. 2) . The (Fig. 3, lanes A-C) . A pattern of transcripts similar to that observed in green fruit was present only in 1416-1 (Fig. 3, lane A) and not in leaves from nontransformed UC82B plants (Fig. 3, lanes B and C) . The levels of antisense RNA in fruit of 1416-1 were then compared to the normal levels of PG mRNA attained during fruit ripening (Fig. 3 , lanes D-I). Total RNA was prepared from green fruit and fruit harvested 2 and 6 days after the onset of ripening. RNA gel blots were probed with a nick-translated PG cDNA to detect both PG sense and antisense RNA. As shown in Fig.  3 , lanes D-F, the 2.1-and 1.8-kb PG antisense RNA species were present in 1416-1 green fruit RNA and appeared to persist into ripening. The level of PG mRNA was reduced in ripening 1416-1 fruit to a level that was undetectable under the exposure conditions shown in Fig. 3 , lane E (see Fig. 4 D-F) or UC82B (lanes G-I) harvested at the following times relative to the onset of ripening. Lanes: D and G, green; E and H, 2 days after onset; F and I, 6 days after onset. RNA gel blot hybridization was performed on 50 ,ug of each preparation and lanes D-I were probed with a nicktranslated 1.6-kb PG cDNA fragment. Molecular size markers (in kb) in the unlabeled lanes were derived from a HindIII-digest of A DNA. (Fig. 3, lane G) and subsequently accumulated as a single RNA species of 1.9-kb during ripening (Fig. 3, lanes H and I) . The steady-state levels of antisense RNA in fruit of 1416-1 were lower than the amount of PG mRNA which accumulated in ripening fruit from control UC82B plants. The level of PG antisense RNA in 1416-1 fruit may actually decrease later in ripening if PG mRNA contributed to the signal shown in Fig. 3 , lane F.
The reduction in PG mRNA levels during ripening of 1416-1 fruit was confirmed by use of a PG mRNA strandspecific probe (Fig. 4) . The presence of PG mRNA was not observed in green fruit from either 1416-1 (Fig. 4, lane A) or UC82B (Fig. 4, lane D) . The steady-state level of PG mRNA in ripening fruit of 1416-1 (Fig. 4, lanes B and C) was reduced by 90%o of the level in UC82B fruit (Fig. 4, lanes E and F) , as determined by direct radiographic scans of filters used for
autoradiography. Analysis of RNA from 1416-1 fruit harvested at extremely late stages of ripening (12 days after onset, data not shown) demonstrated that reduction in PG mRNA was maintained late into the ripening process. Transcription Rates of Antisense RNA. Nuclear run-off transcription was performed to determine the relative rates of PG sense and antisense transcription. Unlabeled sense (+) and antisense (-) RNA was synthesized in vitro from PG cDNA clone F1 and applied to filters for hybridization to PG antisense RNA and PG mRNA, respectively. The antisense (-) strand ofanother tomato cDNA clone (LeEF-1) was used as an internal control to allow comparison of results with different preparations of nuclei at each stage of fruit ripening. LeEF-1 RNA accumulates to -0.3% of the total mRNA in mature green fruit and then decreases during fruit ripening (C. K. Shewmaker, personal communication). Nuclei were prepared from green fruit of transformant 1416-1 and from 1416-1 and UC82B fruit 4 days after the onset of ripening and used for synthesis of 32P-labeled RNA. Nuclei from 1416-1 green fruit (Fig. 5, blot A) synthesized PG antisense RNA but not PG mRNA, as demonstrated by hybridization to only the (+) strand. A PG antisense RNA signal was not detected from nuclei prepared from fruit of control plants (Fig. 5, blot C) . The level of transcription of the endogenous PG gene(s) in ripening fruit (Fig. 5 , blots B and C), as determined by hybridization to the PG (-) strand, was less than that of LeEF-1, and much lower than the rate of transcription of the PG antisense construct (Fig. 5, blot B) . However, the level of endogenous PG gene transcription appeared similar in transformed and control fruit. These results indicate that the level ofPG antisense transcription may be sufficiently high relative to that of the PG gene(s) to affect the PG mRNA level available for translation.
Effect of Antisense RNA on Polygalacturonase Activity and Lycopene Levels. Extracts were prepared from fruit of 1416-1 and UC82B harvested at intervals during fruit ripening and the levels of PG enzymatic activity were compared (Fig. 6A) .
PG activity in 1416-1 fruit was reduced by -80%o throughout
ripening. An analysis of ripe fruit from additional pCGN1416 transformants (Table 1 ) also demonstrated significant decreases in PG activity in plants expressing the antisense RNA construct. The level of inhibition observed varied from 69% (1416-7) to 93% in transformants with levels of antisense RNA detectable by RNA gel blots (Fig. 2) . Transformant 1416-38 which was positive for neomycin phospho- in isolated nuclei. PG cDNA F1 was inserted in both orientations into a Bluescribe vector (Stratagene) and transcribed with T7 RNA polymerase to produce the sense (+) and antisense (-) strands of PG RNA. LeEF-1 antisense (-) strand RNA was produced by using T3 polymerase. RNA concentrations were determined spectrophotometrically and -2 j.g of RNA was applied to filters as indicated.
Blots: PG+, PG sense RNA; PG-, PG antisense RNA; LeEF-1, LeEF-1 antisense RNA. Filters were hybridized with 32P-labeled transcripts synthesized by nuclei isolated from 1416-1 green fruit (blot A), 1416-1 fruit 4 days after the onset of ripening (blot B), and UC82B fruit 4 days after the onset of ripening (blot C). Approximately 3 x 10' cpm of incorporated radioactivity was added to hybridization mixtures and the exposure of autoradiographs was for -6 days at -70°C. transferase activity but did not produce detectable levels of PG antisense RNA also did not have reduced PG activity levels. A quantitative relationship between the steady-state level of PG antisense RNA (Fig. 2) and the amount of inhibition of PG activity was not found. For example, the steady-state levels of PG antisense RNA appeared higher in fruit of 1416-29 than in fruit of 1416-9 (Fig. 2) , but the PG activities in ripe fruit from either transformant were similar.
A similar lack of correlation between antisense RNA levels and flower pigmentation was observed in the studies involving the inhibition of chalcone synthase (25) . UC82B plants regenerated after transformation with control Ti plasmids (transformants 1107, 1109, and 1150; Table 1 ) produced fruit with normal levels of PG activity.
As shown in Fig. 6B , lycopene accumulated in fruit of 1416-1 and UC82B in a similar manner. The lycopene values for ripe fruit from the transformants listed in Table 1 were also within the range of results observed for fruit from control UC82B plants (Fig. 6B) 1109, and 1150) . The latter plants were transformed with a binary vector containing constructs of the aroA gene (33) in place of the PG cDNA fragment. Approximately 60 g of tissue from two fruit was pooled and a 6-g aliquot was analyzed for PG activity and lycopene content.
results in a rapid accumulation of PG mRNA to levels which can represent 1-2% of the total mRNA in red ripe fruit (10) . A corresponding increase in PG enzyme has been demonstrated immunologically (12) and by enzymatic activity (11) .
In the experiments presented here, the constitutive synthesis of PG antisense RNA in transgenic tomato plants effectively inhibited the accumulation of PG mRNA and enzymatic activity during fruit ripening. This result demonstrates the application of antisense RNA technology to the inhibition of an endogenous plant gene at the whole plant level. The specific reduction in PG activity provides a phenocopy of PG-deficient mutants useful for defining the functions of the enzyme during fruit ripening.
The analysis of 10 independent transgenic plants, selected on the basis of the presence of neomycin phosphotransferase activity, established that the expression ofPG antisense RNA in green fruit (Fig. 2 ) was accompanied by a reduction in PG enzymatic activity in ripe fruit (Table 1) . However, a quantitative relationship between steady-state levels of antisense RNA and the degree of reduction in activity was not found in that transformants with significantly different antisense RNA levels showed approximately the same reduction in enzyme levels. We tentatively suggest (i) that the steady-state levels of PG antisense RNA measured in green fruit of the analyzed transformants (Fig. 2) , and the corresponding rates of transcription of the antisense constructs, may have been above a threshold level required for maximum inhibition of PG gene expression and (ii) that the primary effect is exerted during a brief period of time early after the synthesis of PG mRNA. We also note that PG antisense RNA did not totally eliminate PG mRNA and enzyme activity. This is characteristic of previous antisense RNA studies in that the inhibition oftarget gene expression is incomplete.
In the experiments presented here, the steady-state levels of PG antisense RNA in green fruit were lower than the amount of PG mRNA which normally accumulates during ripening. However, a comparison of transcription rates showed much higher levels of antisense RNA synthesis from the 35S promoter relative to the expression of the endogenous PG gene(s). The fact that PG mRNA can accumulate to >1% of the total mRNA while the gene is transcribed at a relatively low rate suggests that it is the efficiency of posttranscriptional processing and stability of PG mRNA rather than the transcription rate which are responsible for its high level of accumulation. In contrast, the relatively high transcription rate yet lower steady-state level of PG antisense RNA indicate a lower stability for PG antisense RNA than for PG mRNA. However, a high rate of antisense RNA synthesis will be present in fruit at the stage of development when PG gene transcription is initiated. A transient excess of antisense to sense RNA could then exist in the nucleus and result in a rapid and effective block in PG mRNA accumulation at the level of maturation or transport. The results presented here suggest a mechanism exerted at the posttranscriptional level since the transcription of the endogenous PG gene(s) did not appear to be significantly inhibited by the synthesis of PG antisense RNA. The ability of PG antisense RNA to inhibit PG gene expression would not have been predicted from steady-state PG antisense RNA levels and demonstrates that factors, such as transcription rate, mRNA stability, and inducibility, should be considered in determining the suitability of a target gene for inhibition by antisense RNA.
The ability to regulate the expression of the PG gene has agricultural importance because of the role of the enzyme in fruit softening. A number of ripening mutations which result in fruit deficient in PG activity have been characterized (8, 15, 16) . However, these mutations, which include ripening inhibitor (rin), nonripening (nor), and never ripe (Nr), have multiple effects on the ripening process. All have impaired color development and accumulate only low amounts of the major red pigment lycopene. The use of PG antisense RNA to cause a specific reduction in PG expression allowed a further evaluation of the relationship of PG activity and color development. Lycopene levels in the range that is characteristic of red ripe fruit were observed in fruit from all of the analyzed 1416-transformants (Table 1) . These levels of lycopene in fruit that contain 10-20% of normal PG activity can be contrasted with levels found in the Nr mutant which has 15% of normal PG activity and accumulates only a trace of lycopene (8) . Thus, the use of antisense RNA technology has allowed a separation of PG activity from lycopene accumulation in the development of tomato fruit with low levels of the enzyme and normal color development.
Note Added in Proof. While this paper was in press, Smith et al. (34) published similar results.
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